Abstract-Exoskeletons are a special type of collaborative robot that can be thought of as a humanoid robot clung to a human body (or a pilot). The proposed powered exoskeleton/robot is a 3 Degree of Freedom (DoF) robot and it relies on DC motors to apply the necessary joint torques which in turn require an input to drive these motors. The idea here is to read the pilot's intention using an array of Force Sensing Resistors (FSRs) and then parsing it through a Dynamic Intention Filter (DIF), that yields a meaningful output, necessary to drive the exoskeleton. The DIF proposed here is a novel approach that serves as an intelligent element in the system; based on various inputs, the DIF intelligently controls the motors within the predefined and dynamically-changing safe limits of a typical human arm. Nested PID controllers are used to drive the exoskeleton in "torque-control" and "position-control" modes, and a comparison is made regarding their advantages and disadvantages.
I. INTRODUCTION
An exoskeleton is a support framework that can complement an existing skeleton, as needed. Exoskeleton is a vague term and hence may refer to many different types of mechanisms. The human body consists of a structure made up of bones, called skeleton, which is fundamentally responsible for maintaining a correct body structure/posture along with transferring the load (body weight plus any external load) to the ground. The external framework complements the skeleton by sharing the load (in part or full) along with augmenting the human body's torque with that of the exoskeleton. In this case we are restricting ourselves to powered exoskeletons and from here on we simply refer to them as "exoskeletons."
When it comes to carrying loads, fatigue becomes an important issue that an exoskeleton may be able to alleviate. Moreover, exoskeletons have potential applications in the medical field, and would help people who cannot the move their limbs or may be unable to maintain their balance on their own, or people suffering from stroke, Parkinson's disease, Multiple Sclerosis [1] or simply old aged people, by assisting them in various tasks.
The study [2] proposes a design of 3-DoF upper-limb exoskeleton using force sensor arrays at two locations (arm and cuff), proposing Intentional Reaching Direction (IRD). Reading intention requires a finite compliance between the exoskeleton and the pilot, which allows the force sensors to work. On the other hand, researchers [3] , [4] have used the Electromyograph (EMG) signals, which are measurements *This work was supported by the University of Dayton. 1 
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University of Dayton, Dayton,OH sharmam1@udayton.edu 2 Raúl Ordóñez is professor in Department of Electrical Engineering, University of Dayton, Dayton, OH 45402, USA ordonez@ieee.org of electrical activities of the muscles. The advantage [5] of EMG is that, if filtered properly, precise of exoskeleton control can be executed, but the problem is that it is difficult to filter and the non-invasive methods require a proper calibration and a precise placement. Lalitharatne et. al. [4] have done research on controlling an upper-limb exoskeleton by reading the brain activity via Electroencephalography (EEG) directly. EEG filtering is not a trivial task [6] , and similar to EMG, requires proper filtering and calibration. On the other hand, reading the intention provides a quick, easy and a straightforward method to implement the design. The following Sections will cover the key aspects of design requirements, design, electronics involved and different controls architectures. Experimental results are shown in in Section VI, and Section VII concludes the paper.
II. MODELING

A. Safety Requirements
An exoskeleton must have its Range of Motion (RoM) well defined within the safe human arm's limit and any motion beyond this limit must be ceased at all cost. Table I shows the RoMs for the shoulder, elbow and wrist. The actual RoMs were empirically determined for the pilot (first author); these values are close to a typical [7] RoMs of a human being. For simplicity, the rotations [8] namely, shoulder internalexternal (Int-Ext), elbow flexion-extension (Flx-Ext), wrist pronation-supination (Pron/Sup) are being referred as Yaw, Pitch and Roll, respectively. The exoskeleton is designed in such a way that its RoMs are within the "Actual RoM." These adequate safeguards are imposed on mechanical as well as software levels, and as a result the exoskeleton's RoMs are safely locked within a virtual cocoon. The mechanical design consists of physical stops that prevent the joints from going beyond the limits. Yaw is purely driven by friction that allows the transmission to slip in case of any abnormalities. Due to the nature of kinematics responsible for pitch and roll motion, the joints cannot exceed their respective RoMs (which, again, is confined within the actual RoMs). main power to the motors only if it is pressed. Within the software, the main control is nested within a PID loop of utmost priority that inhibits any motion beyond the virtual cocoon. Based on the RoM constraints and pilot's physique, the 3-DoF articulating upper-limb structure is designed and analyzed in Solidworks. Figure 1 shows a wire diagram of the proposed structure. The entire structure is anchored on 106, which then explodes into a cylindrical structure (101). This structure laterally encloses the pilot's cuff portion. On top of this, two cylindrical members (103 & 108) are allowed to glide smoothly; 103 and 108 are independent members and, after the assembly, are locked in place using a segmentedcurved aluminum plate at several in-line holes, 109 & 110. Member 103 has threads on it (104) through which a pushpull cable runs, for about 3 turns through the plate 105, and allows the other end of the cable to be actuated at some other location; this subsequently forces 108 to move accordingly about the yaw-axis. At the end of 108, a pair of ball bearing supports (111 & 112), there is another structure, 107, responsible for arm support. This joint is driven by a spindle-drive, that is, a linear motor with one end pivoted (108), while the other moving end is at 114, and it dictates the pitch motion. Next is the member 115 that glides freely within the arm support (107). 115 is designed in such a way that it makes a direct contact with the human arm and it plays a crucial role in determining the pilot's intention using a unique placement of sensors and design (discussed later in Figure 5 ). 107 and 115 contain straight and oblique slots, respectively, which allow 115 to glide up-to within 107.
B. Exoskeletal Design
This structure is predominantly 3D printed using M-30 grade ABS plastic, capable of bearing the overall load, however, there are a few weak spots, especially the locations where the cuff and arm are hinged (112) & actuated (114). To overcome this, a portion of 107 containing the features 113, 112, 114 are reinforced with Al 3003 H14 grade, 1.8 mm aluminum sheet. For now the entire structure is clamped (at 106) to a test rig that holds the structure and transfers the load to the ground; this also allows us to conduct various calibration procedures and tests before actually being worn by a pilot.
C. Static Load Analysis
Once designed, a static load analysis is done on the arm structure (107) as it has the highest propensity of failure among all other sub-components. The structure is designed in a way that material consumption for the 3-D printing is reduced without compromising the strength. This reduction is done by adding several features, like circular or triangular voids into the design. These added features make the design complex, which is not a problem for 3D printing, however it makes the Finite Element Analysis (FEA) substantially more difficult. Computer Aided Designing (CAD) program needs to mesh the component that is being analyzed, and the presence of features requires a painstaking process of segmenting the mesh in the immediate vicinity of those features. Thus a static load study is performed on the solid part with reduced features. Figure 2 shows the displacement color map when subjected to a radial 120 N static load (shown by the arrows), red being the maximum with 3.580 ⇥ 10 3 mm, that is well within the limit of 5.00 mm beyond which the subcomponents tend to come apart. 120 N is carefully chosen due to the fact that the selected motor is simply unable to provide a linear force greater than 108.8 N at 116 ( Figure  1 ). For 120 N, a maximum peak stress of 6.84 MPa was induced which is well within the yield stress for ABS plastic (40 MPa) [9] .
III. POWER TRANSMISSION
To obtain a light weight stable structure, it is very much needed that the heavy components should be closer to the centroid of the human body. This means placing the motors closer to the centroid and transferring the torque to the respective joints. 
A. Roll
The roll mechanism is achieved using a slider-pin mechanism as shown in Figure 3 . The pin 136 is held by a tensionspring on one end of the straight slot 135. On the other end, a linear motor pulls the pin via a pull-cable with a maximum linear force of 490 N. As the pin sweeps along the straight slot and oblique slot 125, the floating member 115 rotates. This slot geometry allows only 15 of effective roll motion.
B. Yaw
Yaw motion consists of a driver and driven pulley actuated by cables, shown in Figure 4 . The cylindrical section (driven) 104 contains circular grooves, spaced at 3.5mm, wrapped around 1440 , that translates to 4 turns. A pull cable (133) is wrapped around this helix and then guided, through the cable sheath (134), to another helix, 132, again wrapped around it and secured using screws to restrict any relative motion between the cable (133) and the driver helix (132). This driver helix is coupled to the outer spline of a harmonic reducer with a reduction of 160 : 1. Fig. 4 . Push-pull cable mechanism for yaw motion. 
C. Pitch
The flexion/extension of the arm is facilitated by a simple three link mechanism. The structures, 108 and 107 ( Figure  4 ) serve as two of the three links, and the third link (128) is contained within the linear motor, 127. This linear motor is hinged between 130 and 129. As the motor is actuated, the coupled reducer head (126) drives a spindle screw mechanism, which in turn allows the pin (129) to reciprocate. Once the motor is actuated, the pin reciprocates linearly and forces 107 to rotate about the pivot (112) from 21.00 to 81.00 . Some of the key design technical specifications of this exoskeleton, shown in Figure 10 , are described in Table  II .
IV. ELECTRICAL ARCHITECTURE
The exoskeleton is powered by a 200W , 12V DC supply that is stepped down to 5V for the micro-controller and associated sensory system. All three joint PMDC motors operate at 12V , whose RPM is controlled using Pulse Width Modulation (PWM). The micro-controller uses PWM to precisely vary the input voltage to the motor. An ATmega 2560 clocked at 16 MHz is the micro-controller responsible for all the control algorithms. Two of the three joints (pitch and yaw) are coupled with 12 bit quadrature encoders that provide the angular position feedback to the controller.
A. Force Sensing Resistors (FSR)
Force Sensing Resistors (FSRs) play an important role in reading/quantifying the intention of the pilot. FSR contains a base lining of a conductive material, like tin-oxide, coated with a resistive polymer and a pair of spacers sandwiched in between. This resistive polymer contains carbon atoms, which are conductive in nature; a typical FSR, shown in Figure 5 , is a resistance whose resistivity depends on the magnitude of force acting on it. Using a voltage divider circuit, this change in resistance is converted into proportional change in voltage and then a 10 bit ADC is used to convert it into a digital value with 1024 different levels of pressure sensitivities, which is then used to drive the exoskeleton (Section V-B).
B. Sensor Placement
FSRs (shown in red in Figure 5 ) are fixed on the outer ring, facing inwards, in a circular array within the exoskeleton arm design. With this configuration, the FSRs remain sandwiched between the exoskeleton structure and wrist. Rubber feet are added on top of the FSRs so that reliable wrist contact is maintained.
V. CONTROLS ARCHITECTURE
The plant consists of three DC motors; input for each motor is a 9 bit PWM value, denoted by PW M, where 255  PW M  255. At PW M = 255 the motor runs at its maximum RPM in one direction, and for PW M = +255 it runs at its maximum in another direction and stops (or looses power) when PW M = 0. A PID feedback loop runs at the plant's core that acts as a virtual cocoon, and thereby confirming that the motors only get actuated within this limit. As shown in Figure 6 , all the force sensors' values are fed into the Dynamic Intention Filter (DIF), along with the joints' angular position and then to the PID controller, which determines the torque of the respective motors. 
A. Dynamic Intention Filter (DIF)
The way force sensors are mapped to the torque is not a one-to-one mapping. Rather, to make an exoskeleton intelligent and behave the way a human does, this mapping becomes dynamic. The term dynamic refers to the fact that the the force sensors' impact on different joint motor changes dynamically, which makes sense for an exoskeleton to feel natural.
Consider Figure 5 , which shows the sensor placement, and Figure 6 showing the control architecture. At this point the DIF has been only implemented on the yaw axis; all six force sensing points are clustered in three different pairs. Broadly speaking, FS1 and FS4 map to the pitch motion, FS2 and FS6 map to the yaw motion and FS3 and FS5 map to the roll motion. It is easy to determine that at elbowflexion position the wrist pronation-supination (roll) is upto about 120 (Table I) , however, this is not true for the elbow extension. At this point, the wrist pronation-supination (roll) ranges for almost up-to 220 ; this is due to that fact that the shoulder internal-external joint (yaw) helps the wrist pronation-supination to go beyond its usual limits under certain circumstances. An intelligent controller is, therefore, needed that can allow the joint motors to be controlled by different set of FSRs. For instance, the DIF can intelligently allow FS3 and FS5 to command the roll and yaw motor to achieve the extended roll range. This means that all the FSRs are allowed to have the control over the joint motors, and it is the DIF that decides the individual FSR's impact on the motors based on the exoskeleton's joint configuration.
Each force sensor outputs a digital value ranging from 0 to 1023 for a load of 0 to 10 N acting on it. In reality, the output is not perfectly zero, for a zero load. Even if there is a load, we do not always want the system to respond, for instance, if the pilot's arm is resting on the exoskeleton and due to the gravity the respective force sensors ( f s3 , f s s4 and f s5 ) will experience some load, which might be unintentional. Moreover, empirically it has been found that feeding the force sensor output (to the controller) for the same sensitivities does not feel natural, and to deal with this, a unique threshold and sensitivity is assigned to each force sensor. First, these force sensor values (0  f s j  1023, j = 1, 2,...,6) are subtracted with a threshold vector (f ), where
Letf s be the output of the force sensors after the threshold,
(
As the pitch angle changes, the reaction force experienced by the respective force sensors changes due to the mismatch of reaction vector and the downward force due to gravitational pull on the arm. To deal with this gravity compensation it is necessary to dynamically change the thresholds f . For simplicity, f 4 is chosen to change dynamically based on the pitch angle (q p ). These thresholds entirely depend on the pilot's body and how sensitive the exoskeleton ought to be. In our case we have set f 1 = 10, f 2 = 20, f 3 = 30, f 5 = 20 and f 6 = 20. f 4 is updated dynamically to compensate for the effect of gravity, and computef s using (1). Here, k 4 = 70 is the upper bound for threshold that dynamically compensates for gravity, so that
Moving on to the sensitivity, as mentioned earlier, selecting different sensitivities for each sensor, makes the exoskeleton feel natural to operate. To do so, we empirically determine an input lower bound (lb i j ), input upper bound (ub i j ) and corresponding output lower bound (lb o j ) and output upper bound (ub o j ) for j th sensor ( j = 1, 2,...,6). Then we compute the input percent for the j th FSR, x j , for the given (ub i j lb i j ) range, as shown in Figure 7 , where 
and further,
Once x j is computed, thef s j is updated again with its new value that is a representation of x j % for the range (ub o j lb o j ) as shown in (5),
where
At this point, all thef s j are updated with their respective values. The goal is to compute the pwm X values that can drive the motors to produce respective torque ( 255  pwm X  +255, X = P,Y, R). w i j is the weight that defines the mapping and sensitivity assigned to a set of FSRs.f s j is the digitized force value from j th sensor, obtained from, 0 f s j  1023, j = 1, 2,...,6, and w = (7) that determines the torque of all three joints. pwm = wf s .
2) Position Control: The idea here is to allow all three joint motors to behave like servo motors, q = [q P q Y q R ] > being the joint angles. The PID controller allows the servo motors to track a reference angle, q r = [q rP q rY q rR ] > , provided these angles are within the safe limit. An increment
is evaluated based on the same w and f s used in (7) .
The reference angle (q r ) is then evaluated as per (9) , where k 1 is a constant vector that depends on the responsiveness and the desired feel of the exoskeleton. In this case,
This upper bound on the tracking error, e =r , inhibits q r from any possible rapid increase. This integral windup can cause the joint servos to respond violently and has an adverse effect on the user and machine as well. Thus as long as ||e|| •  k 11 = 10.00 , the reference q r is advanced based on the force sensors' outputs (intentions); this provides the exoskeleton with an ample amount of time to track q r smoothly.
VI. EXPERIMENTS
The exoskeleton design proposed here has been fully implemented in the Nonlinear Control Laboratory at the University of Dayton (Figure 10) . We put the system through a test where the pilot operated the exoskeleton in a normal manner. The micro-controller takes about 6 milliseconds to run through the whole process of sampling and processing the input; for simplicity, the sampling time is set to 10 ms and thereby confirming that even the most complex computations are done within 10 ms. The plots presented below show the pitch joint servo's response recorded by the quadrature encoders; the abnormal vertical dotted lines (Figures 8 and 9) show the noise recorded by encoders. 1) Torque Control: As discussed in V-B.1, pilot's intention is used to compute the joint torque and as a result the exoskeleton reacts; Figure 8 shows the response of the pitch angle as a function of the differential FSR output. This differential output produces a proportionate differential torque as long as the pitch angle stays within the limit (i.e. 21.00 to 81.00 ). At around 8 and 10 seconds, we can see the spikes in the differential force, while the pitch joint is already at its max limit; this demonstrates that the controller is intelligently ignoring these values and thereby allowing the exoskeleton not to cross the pre-defined safe limit. 2) Position Control: The exoskeleton behaves relatively smoothly in position control mode as seen in the pitch angle's response in Figure 9 . An advantage of differential force output is that, even if the sensor is worn with some pretension, the DIF intelligently recognizes it and rejects most of it as seen in Figure 9 at around 12 seconds. 
VII. CONCLUSIONS
The two different modes tested has, torque and position control, have their own advantages and disadvantages. Torque control mode is simple to implement, complies to the pilot's command, and its most important feature is that it provides feedback to the pilot about the external load that the exoskeleton experiences. On the other hand, position control provides a relatively smooth operation with no feedback at all. This is due to the fact that this mode alters the reference position for the joint servos, which the controller acts upon and computes the desired torque to track the reference. 
